a total of 159 (158 negative and 1 positive) strokes, were triggered at Camp Blanding. Flashes consisting of the initial stage only (having no return strokes) were not considered in this study. Directly measured currents were obtained for 122 of these strokes in 29 flashes. Camp Blanding and NLDN events were correlated using GPS time stamps. The NLDN recorded 95 Camp Blanding strokes in 31 flashes. Of these 95, usable directly measured currents were obtained for 70 strokes in 22 flashes. Flash and stroke detection efficiencies were estimated to be about 84% and 60%, respectively. Median location error was about 600 m, with larger location errors (greater than 2 km) being associated with strokes having smaller peak currents (5-10 kA). The NLDN tended to underestimate peak current, with the median peak current estimation error (signed) being about 18%. There was a steady trend of improved stroke detection efficiency from 2001 to 2003.
1. Introduction
U.S. National Lightning Detection Network
[2] Since 1989, the U.S. National Lightning Detection Network (NLDN) has provided lightning data covering the contiguous United States. During the evaluation period (2001 -2003) discussed in this paper, a network-wide upgrade was underway, and was near completion at the end of 2003. A detailed discussion of the NLDN upgrade is given by Cramer et al. [2004] and Cummins et al. [2004] . A total of 106 sensors were in the network in 2001. Six sensors have been added in 2002 and 2003 , and all sensors have been upgraded to the latest combined MDF/TOA technology, described later in this section. The sensors are distributed over the contiguous United States and relay data back to a central site where the sensor data are analyzed to locate and characterize cloud-to-ground lightning events. A map showing the locations of NLDN sensors in the Florida region, as of late 2003, is found in Figure 1 .
[3] The optimum lightning location is computed using a generalization of the c 2 minimization technique described by Hiscox et al. [1984] . For each stroke location, an error ellipse is computed on the basis of the assumptions about the sensors angle and timing accuracy. Spatial and temporal grouping rules are used to assign detected strokes to flashes before providing the real-time flash data to the end user. The data are processed in real-time and are generally available to users in about 30 s. Reprocessed data, corrected for errors in sensor calibration and communications delays, are generally available within a few days and are archived. It should be noted that the NLDN only reports data if the shapes of the recorded waveforms are characteristic of return strokes in natural, cloud-to-ground lightning.
[4] Cummins et al. [1998] , using their detection efficiency model, estimated flash detection efficiency to be on the order of 80 to 90%, depending on the region, for flashes having peak currents of 5 kA and larger. The detection of only one stroke of a flash is required for a flash to be detected. Cummins et al. [1998] estimated stroke detection efficiency to be roughly 50 percent for the overall network, on the basis of a comparison of the average NLDN stroke multiplicity of about 2 (observed for 2 years after the 1995 NLDN upgrade) and the average stroke multiplicity of 3 to 4 reported by Thomson et al. [1984] . Rakov and Huffines [2003] estimated the NLDN stroke detection efficiency to be roughly 40% and 20% (corresponding flash detection efficiencies 78% and 62%) for Florida and New Mexico, respectively. In doing so, JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 110, D19106, doi:10.1029 /2005JD005924, 2005 Copyright 2005 by the American Geophysical Union. 0148-0227/05/2005JD005924$09.00 they used stroke counts in 1995 -2001 NLDN data and ''ground-truth'' electric field and optical observations found in the literature. Note that the latter detection efficiency estimates are based on relatively small samples and involve an assumption that the detection efficiency for first strokes is the same as that for subsequent strokes, although first strokes typically have larger peak currents than subsequent ones and therefore should be associated with higher detection efficiency than subsequent strokes.
[5] The median stroke location accuracy has been theoretically estimated to be about 500 m over much of the United States, on the basis of the calculated 50 percent error ellipses, which assume that the distributions of angle and time errors are Gaussian [Stansfield, 1947; Cummins et al., 1998 ]. Detailed discussions of these models, along with assumptions used, are given by Cummins et al. [1995 Cummins et al. [ , 1998 .
[6] As described by Cummins et al. [1998] , return-stroke peak currents are estimated from peak magnetic field signal strengths measured by the individual NLDN sensors. During the 2001 -2003 evaluation period, in order to account for propagation effects, a power-function attenuation of signal with distance was assumed, with the exponent (derived empirically by Orville [1991a] and Idone et al. [1993] ) equal to À1.13. The raw signal strengths measured by individual sensors were normalized to 100 km using this power relationship. A different model to account for propagation effects is described by Cummins et al. [2004] . The range-normalized signal strength (RNSS) values, from all reporting stations within 625 km (to exclude signals with polarity reversals due to ionospheric reflection), are averaged and converted to a peak current estimate (I peak ) using the empirical linear relationship (obtained using the triggered-lightning data of Idone et al. [1993] )
[7] Prior to the 1995 upgrade [see Cummins et al., 1998 ], a different regression equation (also obtained using the data of Idone et al. [1993] ) was used which contained an intercept value of 5.2 kA. The intercept of the new regression equation was constrained to zero in order to accommodate strokes with peak currents below 5 kA that were sometimes locatable after the 1995 NLDN upgrade.
[8] Although theoretical models can be used to evaluate the location errors and accuracy of peak current estimates, as well as the probability of detection, ultimately groundtruth data are required to verify the performance of the network. Such data should include the measured time, position, and peak current of lightning events in a specific region. The time and position can be determined using multiple-station video camera observations, as done by Idone et al. [1998a Idone et al. [ , 1998b . The time, position, and peak current measurements can be obtained using instrumented towers [e.g., Diendorfer and Schulz, 1998 ] or rockettriggered lightning [e.g., Orville, 1991b; Idone et al., 1993] .
[9] As stated previously, the years 2002-2003 comprised an upgrade period for the NLDN [see Cramer et al., 2004; Cummins et al., 2004] . A summary of this upgrade is presented in Table 1 . Early in 2001, before the Camp Blanding lightning triggering season, LPATS IV sensors replaced the older LPATS III sensors, with both models being time-of-arrival (TOA) sensors measuring the electric Rakov et al. [2005] .
[11] In classical rocket-triggered lightning, a small rocket (about 1 m in length) extends a thin grounded wire at a speed of about 100 to 200 m s
À1
. The rocket is launched when the quasi-static electric field at ground is sufficiently high (À5 to À6 kV m À1 in Florida). The presence of the wire enhances the electric field produced by the cloud charge source. If the conditions are right, an electric discharge (known as a leader) propagates upward from the top of the wire, resulting in a flow of current in the wire, and when this current is sufficiently high (about 100 amperes) for a sufficient period of time (some milliseconds), the wire explodes and is replaced by a conducting plasma channel . Following this process, a steady current of a few hundred amperes (known as the initial continuous current or ICC) flows to ground for several hundred milliseconds. The upward leader, destruction of the wire, and ICC comprise the initial stage (IS) of classical rocket-triggered lightning. After the cessation of current, a negatively charged downward-propagating dart leader may traverse the gap between the cloud charge source and ground. When this leader reaches ground, a large surge, known as a return stroke, propagates up the channel and neutralizes (lowers to ground) the charge that was deposited onto the channel by the dart leader. The return stroke has a peak current of typically 10-15 kA and a risetime of some hundreds of nanoseconds. This leader/return-stroke sequence (stroke) may be followed by up to 10 or more additional strokes, although the typical number of strokes per flash is 3 to 5.
[12] These triggered-lightning strokes are similar to subsequent strokes in natural negative cloud-to-ground (CG) lightning, [e.g., Uman and Krider, 1989; Le Vine et al., 1989; Fisher et al., 1993] . Hence the conclusions based on triggered-lightning data are thought to be applicable to subsequent strokes in natural downward lightning, but not necessarily to natural first strokes.
Data
[13] During the summers of 2001, 2002, and 2003, 37 flashes containing a total of 159 strokes were triggered at the ICLRT. Of these 37 flashes, 36 were classically triggered and one flash (consisting of four strokes) was the result of an unintentional altitude trigger (in altitude rocket-triggered lightning, the triggering wire is ungrounded). Flashes consisting of the initial stage only (no return strokes) were not considered in this study. All strokes lowered negative charge to ground with the exception of one positive stroke having a peak current of about +5 kA. This positive stroke followed the channel of a negative stroke in a twostroke ''bipolar'' flash [see Jerauld et al., 2004] . The average number of strokes per flash was 4.3.
[14] A summary of the Camp Blanding flashes and strokes is presented in Table 2 . Care was taken to distinguish between small return strokes and M-components (current pulses having a peak up to several kiloamperes The sensor locations given here correspond to those shown in Figure 1 (except for Jackson, Rockwood, and Russellville). [16] In all cases, the lightning current was measured at the base of the launcher with a non-inductive current-measuring resistor (shunt). Different shunts were used at different launchers, but in all cases the bandwidth of the shunt exceeded 5 MHz. All current data were transmitted to a shielded trailer by fiber-optic links, where they were digitized on digital storage oscilloscopes (DSO). The fiber-optic transmitters and other electronics associated with the current measurements were housed in sealed steel enclosures. Care was taken to account for the variation in gain of the fiberoptic links by measuring calibration signals before and after each storm. The uncertainty of the calibration of the currentmeasuring system is estimated to be at most about 10%.
[17] For each flash, the lightning current was digitized at two different sampling rates. Depending on the experiment and year, a LeCroy DSO sampled the data at 20 or 25 MHz (À3 dB filtered at 5 or 12 MHz, respectively) while a Yokogawa DSO sampled at 1 or 2 MHz (À3 dB filtered at 500 kHz). The LeCroy digitizers operated in segmented memory mode, such that data were only recorded within a 100 ms to 10 ms window (depending on the experiment and year) for each return stroke whose peak current exceeded the trigger threshold. The Yokogawa digitizers operated continuously for several seconds, and hence data were recorded for all strokes and interstroke periods. In general, the peak current estimates for the Yokogawa data are slightly lower than those for the LeCroy data, owing to the sampling rate and upper-frequency response of the Yokogawa digitizer. Further, since a separate trigger was required for each stroke recorded by the LeCroy digitizer, strokes not exceeding the trigger threshold (ranging from about 4 kA to 10 kA, depending on the experiment and year) were not recorded. Hence the peak currents obtained from the LeCroy data are probably biased toward higher values, while those obtained from the Yokogawa data are not.
[18] For some flashes, the LeCroy and/or Yokogawa digitizers failed; for other flashes, the current-measuring system itself failed. Finally, for a few strokes in 2002, the lightning current split between two instrumented paths and, in those cases, the two current waveforms were summed to obtain the overall current peak value. If the combined waveform appeared severely distorted (possibly owing to malfunctioning of one or both of the individual measurements), the peak current values were not used in this study. Hence the total number of strokes for which peak currents were obtained (122) is less than the total number of strokes recorded (159).
Methodology
[19] The time-correlated Camp Blanding and NLDN events were examined to determine the following NLDN performance characteristics: (1) flash detection efficiency, (2) stroke detection efficiency, (3) location accuracy, and (4) errors in peak current estimates. These characteristics were evaluated for each of the three evaluation years (2001, 2002, and 2003) , as well as for all data combined.
[20] To establish a correlation between Camp Blanding and NLDN events, the time stamps on each event were compared. The Camp Blanding system is capable of recording GPS (Global Positioning System) times, having about 1 ms accuracy, for individual strokes, although times are typically only recorded for strokes having peak currents exceeding the trigger threshold of the LeCroy digitizers. When GPS timing was not available for individual strokes within a flash, interstroke interval timing was used to calculate the stroke times. The Yokogawa digitizers recorded full-flash current waveforms, and interstroke intervals could be determined with about 1 ms accuracy. Interstroke interval timing was also extracted from the LeCroy records, which were much more precise, but not available for all strokes. For flashes with GPS timing, the search scope in the NLDN database was usually limited to within one second of the Camp Blanding time and within a 20 km radius of the launcher. If a stroke was not found, the radius was increased. In the few cases when Camp Blanding GPS timing was not available for an entire flash, the approximate flash time (usually taken from video records), in conjunction with interstroke intervals, was used to search the NLDN records, although the scope of the search was increased to within 2 -3 s of the Camp Blanding time. In general, the Camp Blanding and NLDN times differed by only a few microseconds, although timing differences could be as high as some tens of microseconds, especially for The NLDN flash and stroke detection efficiencies for natural downward lightning are expected to be higher owing to the presence of first strokes that typically have higher peak currents than subsequent strokes. c This includes one +5 kA positive stroke which was not detected by the NLDN (see sections 2 and 4.1).
strokes with relatively high location errors. Since the NLDN stroke times are determined from the stroke location algorithm (i.e., they are part of the stroke location solution), a relatively large location error typically results in a relatively large NLDN timing uncertainty. Once correlated strokes were identified, detection efficiency values were computed as ratios of the numbers of NLDN-detected events and all triggered-lightning events.
[21] Location accuracy was evaluated for all strokes reported by the NLDN, including those for which no peak currents were obtained. The location of the rocket launcher was taken as the ground strike point (except in the case of the altitude trigger, where the ground strike point was approximately 50 m from the launcher) and that position (accurate within a few meters) was compared with the NLDN-reported location, which corresponds to the centroid of the NLDN error ellipse. For a given stroke, the distance between these two locations was defined to be the stroke location error. The location errors were compared to the semi-major axis lengths of the corresponding NLDN 50% error ellipses as well as to the stated median location accuracy of the NLDN in the region. In addition to the absolute magnitude of the location error, the individual components (north-south and east-west) of the location error were also examined.
[22] As stated previously, Camp Blanding return-stroke current waveforms were recorded on high-bandwidth (5 or 12 MHz À3 dB upper-frequency response) LeCroy digitizers and low-bandwidth (500 kHz À3dB upper-frequency response) Yokogawa digitizers, the latter of which acquired continuous, full-flash records. For some flashes, only Yokogawa data were obtained, and for a few flashes, only LeCroy data were obtained. When only one type of record existed, that value of peak current was taken as the groundtruth for comparison with the NLDN estimate. When both types of records existed, the two peak current values (which usually agree very well) were averaged. The justification for this is that while the 12-bit Yokogawa digitizer may somewhat underestimate the peak current (owing to the limited bandwidth), the 8-bit LeCroy digitizer often yielded an overestimate of the peak due to the inclusion of bit noise. Figure 2 is a scatterplot of peak currents obtained from the LeCroy digitizers versus peak currents obtained from the Yokogawa digitizers, for all strokes for which data were recorded on both systems (71 strokes total). In general the two estimates are very close, although, as expected, the LeCroy system provided slightly higher estimates, as evidenced by the small positive intercept and the slightly greater-than-unity slope of the regression line. No usable Yokogawa currents are available for 2001. However, we did verify that no small strokes existed in the distorted Yokogawa records that were not recorded by the LeCroy digitizers. Thus there is no bias in our data set due to finite trigger threshold. ) and sample size (n).
[23] The distribution of peak currents for all triggered strokes with measured current, obtained during 2001 -2003 (122 strokes total) , is given in Figure 3 . Note that this distribution includes strokes that were detected by the NLDN as well as ones that were not.
Results and Discussion

Flash and Stroke Detection Efficiencies
[24] Table 2 gives the number of Camp Blanding flashes and strokes detected by the NLDN for each of the summers of 2001 -2003, along with data for all three years combined. Note that flashes consisting of the initial stage only (having no return strokes) were not considered in this study. Since all strokes in classically triggered flashes are similar to subsequent strokes in natural negative downward lightning, the flash detection efficiency reported here is likely to be an underestimate of the true value for natural negative lightning flashes in Florida, since first strokes typically have larger peak currents than subsequent ones and thus should be associated with higher detection efficiency. However, the stroke detection efficiency reported here is probably representative of the true subsequent stroke detection efficiency for natural lightning in Florida (but not necessarily overall stroke detection efficiency). Also, the flash and stroke detection efficiencies reported here may be applicable to upward lightning (containing return strokes) initiated from tall objects, since upward flashes are thought to be similar to classically triggered flashes [Miki et al., 2005] . The presence of one altitude-triggered flash (see section 2) in the data is unlikely to affect these statements.
[25] As shown in Table 2 , the flash detection efficiency was 82% (9 out of 11) in 2001, 86% (12 out of 14) in 2002, and 83% (10 out of 12) in 2003, with an overall flash detection efficiency of 84% (31 out of 37) for the 3-year period. The flash detection efficiency appears to be more or less constant over the 3-year period (although the data sets are relatively small and were acquired only during the summer months of each year), and is consistent with the expected flash detection efficiency of 80% to 90% estimated by Cummins et al. [1998] .
[26] The observed stroke detection efficiency was 52% [27] The mean stroke multiplicity at Camp Blanding (defined as the total number of strokes divided by the number of flashes triggered) was about 3.0 in 2001, 5.5 in 2002, and 4.1 in 2003, with a combined 3-year average stroke multiplicity of about 4.3. This latter value is close to the average number of strokes per flash, 4.6, reported for natural lightning in Florida by Rakov et al. [1994] . The smallest Camp Blanding stroke multiplicity was 1 and the largest was 17, which is the largest value recorded at Camp Blanding to date. The corresponding mean NLDN stroke multiplicity (defined as the total number of strokes detected divided by the total number of flashes detected) was approximately 1.9 in 2001, 3.7 in 2002, and 3.4 in 2003, with a 3-year average stroke multiplicity of about 3.1. Cummins et al. [1998] report average NLDN stroke multiplicities (for natural lightning), measured over a 2-year period, ranging from 1.9 to 2.1 (2.37 for Florida in 1995-2001 according to Rakov and Huffines [2003] ), which is consistent with the value observed for 2001. However, in 2002 and 2003, the average NLDN stroke multiplicity almost doubles, and this is likely related to the observed increase in stroke detection efficiency for those 2 years. It is worth noting that the ratio of the average NLDN stroke multiplicity to the average Camp Blanding stroke multiplicity increases monotonically over the 3-year period (about 0.63 in 2001, 0.67 in 2002, and 0.83 in 2003) .
[28] Figure 4 gives the NLDN stroke detection efficiency as a function of peak current measured at Camp Blanding. Note that strokes for which no directly measured currents were obtained are not included, hence reducing the total number of strokes recorded at Camp Blanding in Figure 4 to 122, although some of these strokes without measured currents may have been detected by the NLDN. Since the strokes for which no peak current was measured do not belong to any specific peak current range (since the loss of peak current measurement is due to instrumentation failure as opposed to trigger thresholds or saturation), the results presented in Figure 4 should not be biased.
[29] The combined data for [2001] [2002] [2003] suggest that the detection efficiency is probably near 100% for strokes Figure 4 . NLDN stroke detection efficiency as a function of peak current measured at Camp Blanding. For each peak current range (bin size of 5 kA), the ratio given inside the column indicates the number of strokes detected by the NLDN (numerator) and the number of strokes recorded at Camp Blanding (denominator), for that peak current range. The total number of strokes whose currents were measured at Camp Blanding is 122, of which 70 were detected by the NLDN.
having peak currents in excess of 30 kA, although the data set is quite small for that peak current range. The stroke detection efficiency decreases to 60 -70% as current decreases from 30 to 10 kA, and drops to less than 30% for currents in the 5 to 10 kA range. No strokes with measured peak currents below 5 kA were detected by the [31] Figure 6 is a histogram of the NLDN absolute stroke location errors for the 95 strokes shown in Figure 5 . The overall distribution has a long ''tail'' owing to the relatively large location errors observed in 2002. The inset of the figure shows the distribution of stroke location errors up to 1 km. The median stroke location errors are 0.3 km, 0.8 km, 0.5 km, and 0.6 km, for 2001, 2002, 2003, and 2001 -2003, respectively . The corresponding arithmetic means are 0.7 km, 2.4 km, 0.6 km, and 1.5 km, respectively. The relatively large arithmetic mean location errors observed for the combined data are mostly due to the relatively large [32] Figure 7 gives the NLDN absolute location error plotted versus the peak current, measured at Camp Blanding, for 70 strokes in 22 flashes. Note that the sample size of 70 in Figure 7 is smaller than the sample size of 95 in Figure 6 because, as stated previously, the number of strokes for which peak currents were obtained is smaller [33] Figure 8 gives the NLDN absolute location error plotted versus the number of NLDN sensors which were involved in the location solution, for 95 strokes in 31 flashes. The number of reporting sensors ranged from 2 to 14 during 2001 -2003 . Figure 8 provides crude estimates of the apparent upper and lower location error boundaries for a given number of sensors. For example, for strokes detected by only 2 sensors, the smallest location error observed was above 2 km. For strokes detected with 3 sensor solutions, the majority of location errors fall between 0.1 and 3 km, although some outliers exist beyond 3 km. As the number of reporting sensors increases, the upper bound on location error appears to decrease. It should be noted that all of the two-sensor locations in 2002 were located by the Ocala and Palm Bay sensors (see Figure 1 and Table 1 ), resulting in large location errors, apparently due to the baseline orientation relative to the source location (Camp Blanding).
[34] The NLDN 50% error ellipse, calculated for each stroke location solution, is defined as a confidence region for which there is a 50% probability that the actual stroke location lies within the area circumscribed by the ellipse, with the center of the ellipse being the most-probable (reported) stroke location. Hence the semi-major axis of the 50% ellipse is usually viewed as the median (50%) location error. Corresponding error ellipses for any probability level (e.g., 90%) can be derived by multiplying the semi-major and semi-minor axes of the 50% ellipse by an appropriate scaling factor. The two-dimensional Gaussian distribution of errors in latitude and longitude is based on the assumption that the random errors in sensor time and angle measurements are uncorrelated and their distributions are approximately Gaussian [Cummins et al., 1998 ]. Strokes located within a group of several sensors typically have relatively small nearly circular error ellipses, whereas strokes detected by only two or three sensors typically have very large, elongated ellipses. A stroke detected by only two sensors, when that stroke is located near the line joining the two sensors (base line), typically has an elongated ellipse whose major axis is along the base line.
[35] Figure 9 gives the NLDN 50% semi-major axis lengths plotted versus peak current, measured at Camp Blanding, for 70 strokes in 22 flashes. The majority of large (>4 km) semi-major axis lengths correspond to strokes with measured peak currents in the 5-10 kA range triggered during 2002 (although some large semi-major axis lengths are observed for larger peak currents), and is generally consistent with the observation that the majority of strokes with large (>2 km) location errors have peak currents in this range (see Figure 7) .
[36] Figure 10a gives the NLDN absolute location error plotted versus NLDN 50% semi-major axis length, for 95 strokes in 31 flashes triggered during [2001] [2002] [2003] . Data for semi-major axis lengths and location errors less than 2 km (73 strokes total) are given in Figure 10b . Strokes with absolute location errors less than 2 km are typically associated with semi-major axis lengths between 0.4 and 1.3 km. As seen in Figure 10a , no semi-major axis lengths between 2 and 4 km were observed, although 20 strokes were found to have semi-major axis lengths between 4 and 8 km and one greater than 11 km, with most of those strokes having location errors greater than 2 km. The slanted solid line (slope = 1) on each plot is the locus of points for which the NLDN 50% semi-major axis length and corresponding location error are equal, that is, represents the boundary of the 50% error ellipse. If the error ellipses are assumed to be nearly circular, then data points below this line correspond to strokes with ground-truth locations enclosed by the 50% error ellipse and strokes above it are outside the 50% error ellipse. Using only the data shown in Figure 10b , where the assumption of nearly circular error ellipses is most-likely valid, it was found that about 63% (46 out of 73) of those strokes had ground-truth locations enclosed by the 50% error ellipse. Data points below the dashed line (slope = 1.82) on each plot of Figure 10 correspond to strokes with ground-truth locations enclosed by the 90% error ellipse (assumed to be nearly circular). It was found that about 96% (70 out of 73) of those strokes shown in Figure 10b had Figure 10a that shows data only for location errors and semi-major axis lengths less than 2 km. The NLDN-calculated stroke location corresponds to the centroid of the error ellipse. The slanted solid line (slope = 1) is the locus of points for which the NLDN 50% semi-major axis length and corresponding location error are equal. If the error ellipses are assumed to be nearly circular, then points below this line correspond to strokes with ground-truth locations enclosed by the 50% error ellipse and strokes above are outside the 50% error ellipse. Points below the dashed line (slope = 1.82) correspond to strokes with ground-truth locations enclosed by the 90% (assumed to be nearly circular) error ellipse.
ground-truth locations enclosed by the 90% error ellipse. If this analysis is extended to all strokes, including those with large (>2 km) semi-major axes and location errors (Figure 10a) , and the nearly circular error ellipse assumption is kept, then about 66% (63 out of 95) and 96% (91 out of 95) of stroke locations are enclosed by the 50% and 90% error ellipses, respectively. Hence the results are more or less the same regardless of whether strokes with large semi-major axes (for which the nearly circular ellipse assumption is likely to be invalid) are included, which may be due to the ellipse major axis orientation being consistent with the orientation of the line joining the NLDN-reported and ground-truth locations. These results suggest that the ellipse semi-major axis is a conservative estimate of the NLDN median location error, at least in north-central Florida. In order to perform a more detailed analysis, the actual shape and orientation of each individual error ellipse must be considered.
Peak Current Estimates
[37] Figure 11 shows the NLDN-estimated peak current plotted versus peak current measured directly at Camp Blanding, for 70 strokes in 22 flashes. There is a strong positive linear relationship between the measured and NLDN-estimated peak currents for all 3 years, which is stronger in 2002 and 2003 than in 2001 . It is clear from Figure 11 that the NLDN tends to underestimate the actual peak current. For all data combined, a crude ''correction factor'' for the NLDN peak current estimates can be obtained by taking the mean of the ratio I CB /I NLDN , which is about 1.2 for the combined data, and is presumably applicable to subsequent strokes in natural lightning. Note Note that both the overall Camp Blanding and NLDN histograms are indicative of a lognormal distribution, generally thought to be typical of lightning peak current distributions.
[39] Figure 13 gives histograms of the NLDN peak current estimation errors (defined here as DI = I NLDN À I CB ), both signed ( Figure 13a ) and absolute values (Figure 13b ). Note that only negative events are considered here, since the positive stroke in the Camp Blanding data (see section 2) was not detected by the NLDN. The arithmetic mean values of DI are À6.0 kA, À1.3 kA, À2.6 kA, and À2.9 kA, for 2001, 2002, 2003, and 2001 -2003 , respectively. The corresponding median values are À8.2 kA, À2.1 kA, À2.9 kA, and À2.9 kA, respectively. If the absolute value of DI is considered (Figure 13b ), the arithmetic mean values are 6.0 kA, 2.6 kA, 2.9 kA, and 3.4 kA, for 2001, 2002, 2003, and 2001-2003 , respectively. The corresponding median values are 8.2 kA, 2.5 kA, 2.9 kA, and 2.9 kA, respectively. Note that the mean and median peak current estimation errors are somewhat lower for 2002 and 2003, compared to those for 2001. This observation is consistent with the plots of NLDN peak current versus Camp Blanding peak current shown in Figure 11 .
[40] Figure 14 is similar to Figure 13 , except that the NLDN peak current estimation error (DI) is now expressed as a percentage of the measured Camp Blanding peak current (DI% = 100DI/I CB ). As with Figure 13 , histograms are given for both signed ( Figure 14a ) and absolute (Figure 14b ) errors. For all 3 years, the percentage errors never exceeded 50%, with the median signed errors being À25%, À11%, À22%, and À18%, for 2001, 2002, 2003, and 2001 -2003, respectively . The arithmetic mean values were generally similar to the corresponding median values. For the unsigned (absolute) percentage errors, the median values were 25%, 17%, 23%, and 20%, for 2001, 2002, 2003, and 2001-2003, respectively . Hence it appears that the NLDN underestimated peak currents by about 20%.
[41] The number of NLDN reporting sensors is plotted against Camp Blanding peak current in Figure 15 . As expected, there is a positive correlation between measured peak current and the number of reporting sensors since larger peak currents should correspond to larger signal strengths at the NLDN sensor locations, and hence larger strokes can be detected by more-distant sensors. Interestingly, for most peak currents, the range of the number of NLDN reporting sensors is typically quite large. For example, for peak currents ranging from 20 to 30 kA, the number of reporting sensors ranges from 3 to 11.
Summary
[42] Data from rocket-triggered lightning, obtained in the summers of 2001-2003 at Camp Blanding, Florida, have been used to evaluate the performance characteristics of the NLDN. For the 3-year period, the following NLDN performance characteristics have been found: (1) a flash detection efficiency of about 84% (31 flashes detected out of 37 triggered at Camp Blanding); (2) a stroke detection efficiency of about 60% (95 strokes detected out of 159 recorded at Camp Blanding); (3) a median location error of about 600 m (larger location errors (>2 km) are observed for strokes having smaller peak currents (5 -10 kA)); and (4) a median peak current estimation error of about À18% (the NLDN tends to underestimate peak current).
[43] Since first strokes in natural lightning typically have larger peak currents than subsequent strokes, and the triggered-lightning strokes studied here are similar to subsequent strokes in natural lightning, the observed values of flash (84%) and stroke (60%) detection efficiencies should probably be viewed as lower bounds. Further, since location error generally decreases with increasing peak current, the [44] The observations presented here are, strictly speaking, only applicable to negative subsequent strokes and not necessarily to negative first strokes or positive first or subsequent strokes in natural lightning (one positive stroke in our data set cannot influence this statement). Further, all of the strokes considered here have peak currents less than 50 kA, with the majority having peak currents below 30 kA, and hence the NLDN peak current error estimates presented here may not be applicable to strokes with larger peak currents.
[45] Finally, the results of this study are valid only for the configuration and settings used in the NLDN in 2001- 
